The extraction of copper from aqueous sulfate solution with new extractant Cupromex-3302 (active substance is the 5-nonylsalicylaldoxime) using a rotating disc contactor (RDC) was investigated. It was observed from batch experiments that the best results were obtained with the initial aqueous pH and concentration of Cupromex-3302 of 1.9 and 10% (v/v) respectively. In continuous experiments, the first critical rotor speed based on drop breakage probabilities was determined. Then the effects of rotor speed, dispersed and continuous phase flow rates on hydrodynamic parameters such as static hold-up, mean drop sizes and extraction efficiency were studied. The experimental results were compared with the ones obtained by the empirical correlations for prediction of the dispersed phase static hold-up and mean drop sizes in terms of the operating variables and the physical properties. The results of experiments proved the feasibility of operating the solvent extraction of copper from the aqueous solution using rotating disc contactor.
Introduction
In the last few years hydrometallurgical method, being a highly developed technology, is applied for about 20-25% of the world's copper production through solvent extraction followed by electrowinning processes. 1, 2 Compared to pyrometalurgical method this approach has not disadvantages such as several drawbacks, including high energy consumption and the production of hazardous gases. 3 Solvent extraction (SX) has been recognized as one of the most important process due to economically and environmentally beneficial to recover various metals from leaching solutions and other waste streams for many decades. [4] [5] [6] Therefore, development of the recovery and separation of valuable metals such as copper by solvent extraction method has attracted a lot of attention worldwide and plays an important role in the field of hydrometallurgy by changing the constitution of world copper production. [7] [8] [9] Copper is widely used because it has several essential properties for different technological applications, such as applications in electrical materials and construction, transportation and industrial machinery parts, petroleum refining and brass manufacture, etc. 3, 10 In view of the industrial and economic importance of this metal, there is a great need to separate and recover copper ions using cost effective commercial extractants. 11 Literature review indicates that hydroxyoximes are now used widely as extractants for copper SX in hydrometallurgy marketed as LIX (Cognis), Acorga (ICI) or SME (Shell) reagents. [2] [3] [4] [5] [11] [12] [13] [14] [15] In recent years, D 2 EHPA and various sulfur containing reagents such as CYANEX group have received considerable attention both for their ability to extract soft transition metal ions. 8, 12, 16 Over the years different types of solvent extraction contactors have been developed for use in the minerals processing industry. The most conventional type is the mixer settler arrangement but more recently different types of counter current columns such as packed, pulsed and Kuhni columns have been employed for metal extraction.
The applications of the RDC column were not observed in the literature for copper extraction and recovery. However, comprehensive investigations have been performed on determination of effective parameters on RDC, whereas the knowledge concerning the design and performance of these columns for copper extraction as a reactive system was not taken into account. The complex behaviors of the hydrodynamics, mass transfer and chemical reaction may be the reason.
In order to obtain a suitable design for RDC columns, information on hydrodynamic parameters such as average drop size and dispersed phase hold-up and characteristic velocity in terms of the operating variables, column geometry and liquid physical properties is necessary. 26 Veritably mass transfer rates and separation efficiencies are closely related to the interfacial area, which in turn, depends upon the contactor hydrodynamic parameters such as dispersed phase hold-up and particle size distribution. 27 In these contactors new drops are generated from breakage of bigger drops or coalescence of smaller drops. 28 The purpose of present work was to investigate the feasibility of the rotating disc contactor for copper extraction from aqueous sulfate solution with hydroxime extractant Cupromex-3302 and to obtain information on drop size and hold-up. The mentioned extractant is one of the products of SNF Flomin and this study is part of its first applications in copper extraction. . The commercial extractant Cupromex-3302 from SNF FloMin (active reagent is ca. 48 wt.%) used as organic phase by diluting it to the desired concentration in kerosene diluent. The active substance of the reagent is the 5-nonylsalicylaldoxime which also contained TXIB (2,2,4-trimethylpentanediol diisobutyrate) as modifier in a low aromatic hydrocarbon solvent. The presence of a modifier in this novel type improves the extraction properties of the basic oxime substance.
Batch experiments
The experiments were performed by contacting equal volumes (100 mL) of aqueous and organic phases for 10 min at room temperature. It is worth noting that in all of the experiments, distilled water (aqueous phase without copper ions) and organic phase were mutually saturated in order to ensure the condition of no mass transfer. After phase disengagement, the two phases were allowed to separate by means of a separation funnel followed by analysis of metal ion concentration of raffinate using atomic absorption spectrophotometer (PerkinElmer, AAnalyst 400). The metal ion concentration in the organic phase was determined from the difference between the concentration of metal before and after extraction. The extraction efficiency (E) is defined as follows: ). Because the continuous phase resistance is negligible, [C]* can be assumed zero.
Rotating disc contractor experiments
The experimental apparatus is shown in Figure 1 (a schematic feature in Figure 1a and a real system in Figure 1b ). The RDC column used in this study is made of glass and its rotors and stators are made of stainless steel. The continuous phase (aqueous phase) was fed at the top of the column to flow counter currently to the dispersed phase (organic phase) fed at the bottom by use of a glassy nozzle with definite internal diameter. The flow rates of two phases were measured using calibrated rotameters. The rotor speed was adjusted to the desired value in the range of 0-375 rpm by use of a digital motor drive.
Column with inner diameter and height 9.1 and 100 cm, respectively, consists of 21 stages separated by equally spaced horizontal stators in which liquid dispersion is generated by mechanical agitation of rotor discs mounted on a vertical shaft. Other dimensions were calculated by Misek equations 29 and were applied to the column design. The column has five sampling valves. More details on column dimensions are given in Table 1 .
In extraction experiments, the sulfate solution of 1 g L -1
copper concentration was prepared for continuous phase. Selected concentration of Cupromex-3302 in dispersed phase was specified based on batch experiments results.
The amount of copper transferred to organic phase was determined like described in previous section. All experiments were performed at room temperature. Table  2 lists the physical properties of the two phases.
Droplet size measurements
Requiring Sauter mean drop diameter, d 32 , photographs of droplets were taken inside the column using a high resolution Canon G9 digital camera (12.1 Mpix, zoom lens 6× IS, 7.4-44.4 mm, 1:2.8-4.8) followed by analysis with AutoCAD software. By using these photographs and rotor thickness (1 mm) as background reference distance inside the column, drops' size was determined. In the case of non-spherical droplets, the major and minor axes, d 1 and d 2 , were measured and the equivalent diameter, d e , was calculated from the equation 2:
The Sauter mean drop diameter (d 32 ) is an average of droplet size that it is defined as the diameter of a sphere that has the same volume/surface area ratio as a droplet of interest. The Sauter mean drop diameter was then calculated from the equation 3:
where n i is the number of droplets of mean diameter d i within a narrow size range i. Figure 2 demonstrates the droplets formed at the position between valves 1 and 2.
Hold-up measurements
Three types of hold-up have been discussed in the literature, namely static hold-up, dynamic hold-up (operating or moving hold-up), and total hold-up. The total hold-up equals the sum of the static and dynamic hold-up. Static hold-up is that part of the total hold-up which is trapped under the discs and cannot be obtained by shutdown procedure. 30 Most of the researchers have studied dynamic and total hold-up. 26, 31, 32 However, it can affect the droplet size, which is a significant parameter in liquid-liquid extraction affecting both hydrodynamics and mass transfer rate. In fact, drops may have coalescence with static hold-up which may result in drops with bigger sizes. 33 Moreover, the static hold-up could have important roles on drop coalescence, residence time, interfacial area and efficiency of the column where it adds on to the dynamic hold-up. 30 The detailed procedure of measuring static hold-up was as following: to reach local static hold-up in the space between the (n + 1) th and n th valve (namely position n), the whole liquid volume was drained from the n th valve. For the position 0 between the first valve and the bottom of the column, liquid volume was drained from the bottom of the column. Then, in each experiment for each position, the organic and aqueous phases were separated (using a separation funnel) and the volume of each phase was determined (using measuring cylinders). Finally, static hold-up for each position was calculated from the following expression:
Volume of dispersed phase in a specific position
The whole liquid volume in that specific position = (4) Figure 3 presents static hold-up which located under rotor and stator discs at the position between valves 2 and 3.
Results and Discussion

Extraction of copper with Cupromex-3302 in batch experiments
The effects of operating parameters such as aqueous phase pH and extractant concentration were investigated to determine the best conditions for maximum extraction efficiency. Mechanism of copper extraction by hydroxyoxime extractants from acidic sulfate solution is followed by this reaction:
where RH is the extractant, R 2 Cu is the complex in the organic phase and the subscripts aq and org refer to aqueous and organic phases, respectively. Being copper extraction by hydroxime extractants dependent on the initial acidity of the aqueous solution, several studies were carried out in order to investigate the effect of the aqueous phase pH on copper extraction. Initial pH of aqueous phase was adjusted to different values ranging from 0.95-2.53, and extraction experiments were done by using 6, 8, 10 and 12% (v/v) Cupromex-3302 in kerosene as the organic phases to specify the best conditions of recovery of copper from aqueous sulfate solution. The initial concentration of copper ions in aqueous phase and temperature were maintained at 1 g L -1 and 25 °C, respectively, in all experiments. The results obtained are presented graphically in Figure 4 . As expected, the percent of copper extraction increased with the rising of initial pH in all extractant concentrations. The lower extraction efficiencies (< 80%) were achieved in the lower pH region because the reaction is shifted preferentially in the back extraction reaction according to equation 5. It is also evident from Figure 4 that the extractant concentration affects copper extraction by Cupromex-3302. Greater than 97% copper recovery for 10 and 12% (v/v) Cupromex-3302 organic phases was achieved at same initial pH value of 1.9.
As shown in Figure 4 , Cupromex-3302 extractant could extract copper at very low equilibrium pH values and an increase in the extractant concentration resulted in higher copper extraction efficiency at low equilibrium pH values. Therefore, the initial aqueous pH and concentration of Cupromex-3302 were selected at 1.9 and 10% (v/v) respectively.
Extraction of copper with rotating disc contactor
The performance of RDC depends largely on the geometry of the column internals and rotor speed. 25 Among different parameters in an RDC, investigation on the first and second critical rotor speeds is very important. Actually the RDC should be operated between the lower and higher critical rotor speeds for a good operation. 24 There are two regimes for rotating disc contactor operation in terms of characteristic velocity of the dispersed phase droplets. In the first regime, characteristic velocity remains approximately constant up to a certain rotor speed (the first critical rotor speed) and then decreases with further increase in the rotor speed (the second regime). Characteristic velocity varies rapidly with rotor speed after the first critical rotor speed up to the rotor speed that called second critical rotor speed then, the mentioned variation becomes moderate. 35 After determining the first critical rotor speed, the operating parameters such as rotor speed, dispersed phase and continuous phase flow rate varied to investigate the effect of the parameters on the static hold-up, drop sizes and extraction efficiency.
Determination of the first critical rotor speed
The first and second critical rotor speeds could also be defined based on breakage probability: the first critical rotor speed for a drop with particular size defines as the rotor speed at which the drop breakage starts. In fact, before the first critical rotor speed, the probability of break up for a drop with specific size is zero. Moreover, the second critical rotor speed (for a drop with a particular size) is a rotor speed at which the probability of breaking that drop is equal to 1. 35 The breakage probabilities versus rotor speed for mentioned chemical systems using glassy nozzles with different inner diameters (1.2 and 2.5 mm) to form various drop sizes by adjusting the Q c /Q d ratios and continuous phase heights are presented in Figures 5 and 6 . Regarding to these graphs, the drop breakage increases by increasing the volumetric phase ratio that leads to decrease of the first critical rotor speed. It could be justified with increasing this ratio, the drag forces between the continuous phase and dispersed drops increase results to enhance the probability of drop break up due to collision with the rotors. Mother drop diameter is effective on first critical rotor speed such that the nozzle with larger internal diameter produces larger mother drops with an increase in the probability of break up results to decrement of first critical rotor speed. Increasing the height of continuous phase led to increase of resistance against to upward motion of drops thereupon increment of the break up probability and decrement of the first critical rotor speed. Based on experimental results, the ) and H is the continuous phase height (m). This correlation is applied for prediction of the first critical rotor speed in the present work. The comparison between the experimental results and the predicted values is shown in Figure 7 , which reveals that this correlation is in good agreement with the experimental data. An absolute average relative error (AARE) of 3.6% is obtained with equation 7. Furthermore, the standard deviation (σ) between predicted and experimental values is 4.6%.
Absolute average relative error and standard deviation can be calculated by following equations:
|experimental value -calculated value -AARE experimental value σ = N' -1
where N' is the number values of data points and N is the rotor speed (rps).
Effect of operating parameters on the static hold-up
The experimental data for static hold-up in different positions (positions 1, 2, 3 and 4, from bottom to top, are related to space between valves 1-2, 2-3, 3-4 and 4-5, Regarding Figure 8b , the static hold-up increased with an increase in dispersed phase volumetric flow rate in all positions of the column. The number of dispersed phase drops and probability of drop coalescence with static holdup will increase with increasing the volumetric flow rate but the residence time will decrease. As can be seen, the former is more effective to increase static hold-up. According to Figures 8a and 8b , the effect of dispersed phase flow rate on static hold-up is higher than continuous phase flow rate. Figure 9 presents the change of rotor speed on static hold-up. As indicated in Figure 9 , the local static hold-up decreased as rotor speed increased. This result was in contrast with the results obtained for total hold-up that showed increment as rotor speed increased. 26 In fact, whirl and upward motion of drops at higher rotor speeds will lead to decrease of drop accumulation under rotor and stators. It is worth noting at high rotor speed, more static hold-up is located under the stator discs comparing to the rotor rings.
Correlation for local static hold-up
Molavi et al. 30 reported the proposed correlation for estimating local static hold-up based on physical properties, operational conditions and stage number that is defined as follows: 
where n is the stage number, N is the rotor speed (rps), Q c is the continuous phase flow rate (m ), ϕ Ln is the local static hold-up for n th stage and d 32o is the average mother drop size, (m). This correlation is used for prediction of the local static hold-up in the present work. The comparison between the experimental data and the predicted values is given in Figure 10 , which shows that this correlation is in good agreement with the experimental results. Absolute average relative error (AARE) and the standard deviation (σ) between predicted and experimental values are obtained 12.6 and 17.1%, respectively.
Effect of operating parameters on the Sauter mean drop diameter
The effects of the continuous phase volumetric flow rate on the Sauter mean drop diameter for different positions in the column and with various nozzles is illustrated in Figure 11 . The increases in continuous phase flow rate led to increase the probability of drop breakage and consequently mean drop sizes will decrease and also height of continuous phase height could strongly affect the Sauter mean drop diameter. Figure 12 shows the variation of mean drop sizes along the column. The effect of the dispersed phase flow rate on the performance of the column is outstanding. An increase in the dispersed phase flow rate tended to decrease the Sauter mean drop sizes in all positions with both nozzle sizes. From this graph, the effect of dispersed phase flow rate on the mean drop sizes is more significant in comparison to continuous phase flow rate. Figure 13 presents the effect of rotor speed on Sauter mean drop size. While the rotor speed increased from 270 to 375 rpm, Sauter mean diameter decreased. As can be observed, increasing the rotor speed decreased the mean drop size in all positions of the column and larger mean drop diameters were obtained using nozzles with large inside diameters.
Correlation for Sauter mean drop diameter
Al-Rahawi 37 presented the correlation for estimating the Sauter mean diameter in a rotary disc contactor included nozzle inside diameter and volumetric flow rate ration of two phases by the following equation: 
The comparison between the experimental results and the predicted values with modified equation 12 is shown in Figure 14 , which reveals that this correlation is in good agreement with the experimental data. An absolute average relative error (AARE) of 4.5% is obtained with equation 12.
Effect of flow rates and rotor speed on the extraction efficiency
The effect of operating conditions on the extraction of Cu II from aqueous sulfate solution was studied. The results are illustrated in Figure 15 . The slight increase in the extraction efficiency with an increase in the continuous phase flow rate was observed from Figure 15a . This behavior was related to the enhancement of drag forces between the continuous phase and dispersed drops with an increase in the continuous phase volumetric flow rate, resulting in limitations in upward motion of drop and increment of its residence time.
It is found from Figure 15b , an increase in the organic phase flow rate results in an increase in the extraction efficiency, which was related to an increment in the total column organic phase hold-up. 32 It was observed from Figure 15 that the extraction efficiency increased with increasing the rotor speed. This could be due to enhancement of interfacial area and turbulences resulting from the breakup of droplets, as the rotor speed increased.
The 
Conclusions
The present work has investigated the hydrodynamic characteristics of a rotating disc contactor (RDC) for the extraction of copper from aqueous sulfate solution. Before testing in the RDC column, bench scale studies on the solvent extraction were carried out for finding the initial pH of the aqueous solution and concentration of extractant in organic phase. These values were selected at 1.9 and 10% (v/v), respectively. The experiments performed in the continuous system such as rotating disc contactor augmented a deeper understanding of the hydrodynamics behavior of this contactor for a reactive extraction processes.
The first critical rotor speed for considered chemical system was experimentally determined based on the drop breakage studies and was in accordance with provided model in this regard. According to experimental observations and results, operating variables such as rotor speed, dispersed and continuous phase flow rates influence static hold-up, mean drop sizes and extraction efficiencies and the first one could influence the others' effects. The results of copper extraction with new extractant Cupromex-3302 in the rotating disc contactor, demonstrated the feasibility of the column for metal recovery, with maximum extraction efficiency near 90%. According to advantages of columns, the results are convincing and this contactor can be superseded mixer-settlers for improving and enhancing the return on investment in copper recovery plants. 21 
